Background. We sought to determine the impacts of serum and dietary potassium measures on glucose metabolism and diabetes risk in older adults.
A LTHOUGH prevention and treatment of obesity are the primary means of diabetes prevention in a general population, weight loss may not be advisable for all older adults. Identifying and addressing other potentially remediable risk factors may be more desirable for this population. Serum and dietary potassium are novel, potentially modifiable risk factors for diabetes. Low serum potassium has been studied as a risk factor in the context of diuretic use. Mixed associations have been reported, with some (but not all) studies finding potassium to be a significant mediator of the association between thiazide use and increased diabetes risk (1) (2) (3) (4) (5) . Recent prospective studies have found lower serum potassium to be associated with higher risk of type 2 diabetes independent of thiazide diuretic use (6, 7) . Low dietary potassium intake has also been identified as a diabetes risk factor, particularly in African Americans (8) . Although in vitro studies and glucose clamps in healthy volunteers have attempted to clarify the effects of potassium on glucose metabolism (9) (10) (11) (12) (13) , the associations between low potassium and measures of glucose metabolism have not been clearly elucidated in larger cohorts. Moreover, these associations have not been thoroughly examined in older adults who have the highest prevalence of diabetes and hypertension, who are recommended to take diuretics as first-line therapy for hypertension, and who may develop diabetes through different metabolic pathways compared with younger adults (14) (15) (16) . To assess the crosssectional associations of potassium with measures of glucose metabolism, including insulin sensitivity and secretion and to examine the importance of potassium on diabetes risk in older adults, we studied participants enrolled in the Cardiovascular Health Study (CHS), a population-based cohort of older Americans who have been followed for over two decades.
Methods
CHS is a prospective, community-based cohort of adults of ≥65 years of age. Initial recruitment consisted of 5,201 participants in [1989] [1990] ; subsequently, an additional 687 predominantly African American participants were recruited in 1992-1993. Participants were recruited from Medicare eligibility lists from four US communities: Forsyth County, North Carolina, Sacramento County, California, Washington County, Maryland, and Allegheny County, Pennsylvania. Exclusion criteria for CHS included active treatment for cancer, inability to provide personal informed consent, and use of a wheelchair within the home. After the initial in-person baseline exam, patients were contacted semiannually and came annually for in-person visits through 1999 and by semiannual telephone call alone through the present except for an additional visit in [2005] [2006] . Institutional review boards at each of the participating institutions approved the study, and written informed consent was obtained from each participant.
Exclusions
Cross-sectional: Because the African American cohort did not undergo a baseline 2-hour oral glucose tolerance test (OGTT), we used data from the initial cohort of 5,201 participants for cross-sectional analyses, excluding participants with prevalent diabetes (n = 763), missing information on diabetes status at baseline (n = 61), missing or inadequate fasting state (n = 254), outlying insulin level (n = 1), or missing data for glucose or insulin measures (n = 169). Our final study sample for cross-sectional analyses included 3,953 participants.
Longitudinal: For our longitudinal analyses of serum potassium and diabetes risk, we excluded participants sequentially from the analysis if they had prevalent diabetes (n = 925), defined as fasting glucose ≥ 126 mg/ dL (6.99 mmol/L), nonfasting glucose ≥ 200 mg/dL (11.1 mmol/L), or use of diabetes medications, or were missing information about diabetes status from the baseline exam (n = 98); or if they had no data on diabetes status at any of the follow-up exams (n = 111). Our final study sample consisted of 4,754 participants for these longitudinal analyses.
Longitudinal analyses of dietary potassium and diabetes risk were limited to the participants from the initial cohort of 5,201 participants; the African American cohort did not complete a diet assessment at baseline. After additionally excluding those with missing dietary information (n = 140) and implausibly low and high values of total caloric intake (<500 kcal/d or >5,000 kcal/d) (n = 35), dietary analyses included 4,111 participants.
Outcomes
For the cross-sectional analyses, there were three main outcomes of interest based on the OGTT done at baseline: (a) insulin sensitivity using the Matsuda insulin sensitivity index (Matsuda ISI); (b) insulin sensitivity using the Gutt index; and (c) insulin secretion using a β-cell function index. All three of these indices utilize measures of glucose and insulin at 0 and 120 minutes during the OGTT (17) (18) (19) . Two-hour glucose and fasting insulin measures were also examined as outcomes for these analyses.
The outcome for the longitudinal analyses was incident type 2 diabetes defined as a fasting glucose ≥ 126 mg/ dL (6.99 mmol/L), nonfasting glucose ≥ 200 mg/dL (11.1 mmol/L), or use of diabetes medications. Validated medication inventories were performed annually. Glucose was measured at examinations in 1989-1990, 1992-1993, 1994-1995, 1996-1997, and 1998-1999 ; all were fasting except 1994-1995. Incident diabetes was ascertained through 2006.
Exposures
Serum potassium was measured at the 1989-1990 and 1992-1993 exams, after standard collection and storage, using the Kodak Ektachem 700 Analyzer (Eastman Kodak, Rochester, New York), a colorimetric method (20) . Coefficients of variation for serum potassium measurements were approximately 2% (16) . We categorized serum potassium into categories based on clinically relevant cut points of <4.0, 4.0-<4.5, and ≥ 4.5 mEq/L. Dietary potassium was assessed at the 1989-1990 examination using a validated block food-frequency questionnaire administered with picture cards, sorted by frequency of use (21, 22) . We categorized dietary potassium into quartiles.
Covariates
For the cross-sectional and longitudinal analyses of the association between serum potassium and measures of glucose metabolism or diabetes risk, we included the following as covariates: age, race (black, nonblack), sex, clinic site, body mass index (BMI), waist circumference, physical activity (the weighted sum of kilocalories expended in self-reported physical activities) (23), smoking (never, former, current), alcoholic drinks per week (0, <7, 7+), systolic blood pressure, and use of angiotensin-converting enzyme inhibitors (ACE-I), beta blockers, and diuretics. For cross-sectional and longitudinal analyses of the association between dietary potassium and diabetes risk or glucose metabolism, we included all of the above covariates as well as dietary score (which reflects intake of foods with high dietary fiber, low glycemic index, trans fat, and higher ratio of polyunsaturated/saturated fat in diet) (24) , and total energy intake. Renal function, at baseline, measured as cystatin-based glomerular filtration rate (eGFRcys), was also examined as a potential covariate (25) .
Statistical Analyses
We calculated the mean and standard deviation or frequency of baseline characteristics of the study population by category of serum potassium (<4.0, 4.0-<4.5, and ≥ 4.5 mEq/L). We used multivariable linear regression models for the cross-sectional analyses of the associations between both serum and dietary potassium, as continuous and categorical variables, and measures of insulin resistance and insulin secretion. To evaluate the reliability of serum potassium measurements, we used a one-way random effects model to calculate the interclass correlation coefficient among n = 3,533 participants who had repeated measures of serum K at years 2 and 5, and whose diuretic use did not change between exams. We used multivariate Cox proportional hazard regression models for our longitudinal analyses of the associations of serum and dietary potassium, as continuous and categorical variables, with risk of incident diabetes, adjusting for the covariates described earlier. For serum potassium, we fit time-varying model using a cumulative average to update potassium values. To evaluate whether the associations varied with shorter follow-up time, we truncated follow-up at 5 years in a sensitivity analysis. For both cross-sectional and longitudinal analyses, we assessed for possible interaction between potassium (serum or dietary) with age, sex, race, and diuretic use by including cross-product terms in the regression models. We performed stratified analyses by diuretic-use status.
All p-values were two sided, and a p-value of <.05 was considered to be statistically significant. All statistical analyses were conducted using Stata software version 11.2 (StataCorp, College Station, Texas). Table 1 describes the baseline characteristics of participants by category of serum potassium. The highest category of serum potassium (≥ 4.5 mEq/L) was significantly associated with higher age, lower BMI, greater physical activity, lower insulin and systolic blood pressure levels, lower use of diuretics, and lower dietary potassium intake. There was a higher percentage of blacks (21%) among those in the lowest category of serum K (<4.0mEq/L) compared with the other categories of serum K.
Results

Cross-Sectional Analyses of Measures of Glucose Metabolism
Among the 3953 participants included in the cross-sectional analyses of serum potassium and measures of glucose metabolism, the mean (SD) of the 2-hour glucose and fasting insulin baseline levels for the cohort were 137. In multivariate models adjusting for age, race, sex, clinic site, BMI, waist circumference, physical activity, smoking, alcohol use, systolic blood pressure, and use of ACE-I, beta blockers, and diuretics, participants with a serum potassium of <4.0 and 4.0-<4.5 mEq/L had higher 2-hour glucose, higher fasting insulin, lower Matsuda ISI, lower Gutt index, and statistically significantly higher β-cell function index levels (p values of trend were .22, .58, .08, .07, and .03, respectively) compared with those with a serum potassium ≥ 4.5 mEq/L (Table 2) .
In multivariate models adjusting for the aforementioned covariates, diet score, and total energy intake, participants in the lower quartiles of dietary potassium had higher 2-hour glucose (p trend = .24) and higher fasting insulin measures (p trend = .07). Lower dietary potassium was significantly associated with lower Matsuda ISI, lower Gutt index, and higher β-cell function index levels, with p values of trend of <.001, .001, and .007, respectively (Table 3) . Further adjustment for renal function, as measured by eGFR cys , had no appreciable effect on these cross-sectional findings. We found no statistically significant interactions between serum or dietary potassium and diuretic use for any of the measures of glucose metabolism.
For analyses of both serum and dietary potassium, we found a similar pattern of associations among participants who were not on any diuretics.
Longitudinal Analyses of Diabetes Risk
Among the 4,754 participants included in longitudinal analyses of serum potassium and diabetes risk, mean serum potassium was 4.2mEq/L. During a median of 11.6 years of follow-up, there were 445 cases of incident diabetes, with crude incident rates of diabetes of 9.1, 8.4, and 8.0 cases per 1,000 person years for those participants with a serum potassium of <4.0, 4-<4.5, and ≥ 4.5 mEq/L, respectively.
Among the 4,111 participants included in the longitudinal analyses of dietary potassium and diabetes risk, the mean dietary potassium was 3,191 mg/d. The correlation between serum and dietary potassium was −.04 (p = .02) and partial correlation coefficients accounting for any one of age, sex, diuretic use, or energy intake were similar. During a median follow-up time of 12.1 years, there were 375 cases of incident diabetes, with crude incident rates of diabetes of 9.8, 6.9, 8.7, and 7.2 cases per 1,000 person years for those participants with the lowest to highest quartiles of dietary potassium intake.
There was no significant association between serum potassium and risk of diabetes in minimally or fully adjusted models.
Compared with participants in the highest serum K category, those in the lowest category had an adjusted hazard ratio (HR) (95% confidence interval [CI]) of 0.98 (0.72, 1.32) ( Table 4 ). There were no significant associations between serum potassium and risk of diabetes in the short term, at the end of 5 years of follow up. There were no statistical interactions between serum potassium and age (p = 1.0), sex (p = .60), race (p = .64), or diuretic use (p = .23). The intraclass correlation coefficient calculated among CHS participants with repeated serum potassium measures 3 years apart was .45.
In minimally adjusted models, adjusted only for age, sex, race, and clinical site, we found a significant association Notes: ACE-I = angiotensin-converting enzyme inhibitor; BMI = body mass index; BP = blood pressure; CHD = cardiovascular heart disease; CHS = Cardiovascular Health Study; CHD = cardiovascular heart disease; eGFR = estimated glomerular filtration rate; HDL = high-density lipoprotein; LDL = low density lipoprotein.
*Available only among participants enrolled in [1989] [1990] . Diet score between 1 and 5 corresponding to a value related to the sum of participant's quintile of intake of foods with high dietary fiber, low glycemic index, trans fats, high polyunsaturated-to-saturated fat ratio (24) . between low dietary potassium intake and increased risk of diabetes, with a HR (95% CI) of 1.36 (1.02, 1.82) for those with the lowest quartile of dietary potassium intake compared with the highest. However, after multivariate adjustment, this risk was attenuated and no longer statistically significant, with an adjusted HR (95% CI) of 1.13 (0.68, 1.87) for those in the lowest quartile of dietary potassium intake ( Table 2 ). There were also no significant associations between dietary potassium and risk of diabetes in the short term, at the end of 5 years of follow up. There were no statistically significant interactions between dietary potassium with age (p = .27), sex (p = .45), race (p = .68), or diuretic use (p = .65).
For analyses of both serum and dietary potassium, we found a similar pattern of associations among participants who were not on any diuretics. Notes: *Model 1: adjusted for age, sex, race, and clinic site. † Model 2: adjusted for age, sex, race, clinic site, BMI, waist circumference, physical activity, smoking, alcohol use, systolic blood pressure, and use of ACE-I, beta blockers, and diuretics (also diet score and total energy intake for dietary analyses).
Discussion
In cross-sectional analyses of this cohort of older American adults, we did find a significant association between lower dietary potassium with reduced insulin sensitivity, along with compensatory increases in insulin secretion. We also found a similar trend with lower serum potassium and reduced insulin sensitivity and significantly increased insulin secretion. However, in the longitudinal assessment, we observed no significant associations of serum potassium concentration or dietary potassium intake with long-term diabetes risk. As in earlier studies, our results suggest that certain risk factors for diabetes observed in younger populations, but not all, may not markedly affect risk of diabetes among adults who remain free of diabetes into older age (26) (27) (28) . We can hypothesize that older adults who have been without diabetes may be at less risk for developing frank diabetes due to conditions associated with aging such as loss of muscle mass and changes in insulin sensitivity that vary by target organ. However, further study is needed to determine this definitively.
Studies utilizing in vitro techniques or experimentally induced hypokalemia on healthy volunteers have tried to determine the biological mechanism of the association between thiazide-induced hypokalemia and impaired glucose tolerance with conflicting results. Some older studies found that hypokalemia was associated with increased insulin resistance by peripheral tissues (9, 10) . Other studies found that low potassium led to decreased insulin secretion (11) (12) (13) . A more recent study involving obese participants found that a low-potassium catabolic diet led to both decreased insulin secretion and increased insulin resistance at postinsulin receptor sites, as measured by euglycemic clamps and evaluation of monocyte insulin receptors. Both of these defects in glucose metabolism were found to be reversed with potassium supplementation (29) . Therefore, the precise mechanism by which low potassium may affect insulin secretion and insulin sensitivity is not clear.
Two recent cross-sectional analyses have found lowpotassium, serum and dietary, to be associated with (a) prediabetes, but only among participants with hypertension and (b) metabolic syndrome, both conditions associated with increased insulin resistance (30, 31) . Our analyses of the CHS cohort, utilizing 2-hour OGTT data, also suggest that low-normal potassium contributes to the development of abnormal glucose metabolism predominantly by increasing insulin resistance. However, in this population, the β-cell response to insulin resistance appeared to be largely intact, with appropriately increased insulin secretion.
Compared with younger adults, older adults without a diagnosis of diabetes have both reduced insulin sensitivity as well as reduced beta-cell function (32) . Abnormal glucose metabolism without diabetes, particularly insulin resistance, does have health consequences. High insulin levels and insulin resistance are associated with hypertension and cardiovascular disease (33) . In older adults, insulin resistance has been associated with the development of frailty (32, 34) . Determining risk factors for the development of insulin resistance could lead to the development of interventions to reduce insulin resistance and prevent development of these associated conditions.
Strengths of this study include the availability of measured potassium and glucose levels, a 2-hour OGTT, extensive data on potential confounders, a large sample size that increased precision and permitted simultaneous statistical adjustment for multiple variables, and long duration of follow-up that offered the opportunity to study long-term risk.
At the same time, these analyses have specific limitations. We did not have gold standard measures of insulin resistance and β-cell function such as euglycemic and hyperglycemic clamp studies. However, the formulae that we used to calculate insulin sensitivity and β-cell function have been validated with clamp data (17, 18) . Also, for these analyses, we used only two time points for measures of serum potassium and only baseline data for dietary potassium intake. Both of these measures are likely to vary over time, as evidenced by the low intraclass correlation coefficient of serum K over different visits, potentially reducing our ability to identify true associations.
In conclusion, although we did not identify serum and dietary potassium as risk factors for incident diabetes in older adults, results from cross-sectional analyses suggest that both of these novel risk factors, but particularly lower dietary potassium, are associated with increased insulin resistance. This relationship with insulin resistance needs to be confirmed, and its importance on diabetes risk, cardiovascular risk, and conditions specific to older adults should be determined as well.
